The crystal structure of porcine heart mitochondrial NADP ؉ -dependent isocitrate dehydrogenase (IDH) complexed with Mn 2؉ and isocitrate was solved to a resolution of 1.85 Å. The enzyme was expressed in Escherichia coli, purified as a fusion protein with maltose binding protein, and cleaved with thrombin to yield homogeneous enzyme. The structure was determined by multiwavelength anomalous diffraction phasing using selenium substitution in the form of selenomethionine as the anomalous scatterer. The porcine NADP ؉ -IDH enzyme is structurally compared with the previously solved structures of IDH from E. coli and Bacillus subtilis that share 16 and 17% identity, respectively, with the mammalian enzyme. The porcine enzyme has a protein fold similar to the bacterial IDH structures with each monomer folding into two domains. However, considerable differences exist between the bacterial and mammalian forms of IDH in regions connecting core secondary structure. Based on the alignment of sequence and structure among the porcine, E. coli, and B. subtilis IDH, a putative phosphorylation site has been identified for the mammalian enzyme. The active site, including the bound Mn 2؉ -isocitrate complex, is highly ordered and, therefore, mechanistically informative. The consensus IDH mechanism predicts that the Mn 2؉ -bound hydroxyl of isocitrate is deprotonated prior to its NADP ؉ -dependent oxidation. The present crystal structure has an active site water that is well positioned to accept the proton and ultimately transfer the proton to solvent through an additional bound water.
NADP
ϩ -dependent isocitrate dehydrogenase (EC 1.1.1.42) (NADP ϩ -IDH) 1 from porcine heart mitochondria catalyzes the oxidative decarboxylation of isocitrate to ␣-ketoglutarate in the citric acid cycle. The enzyme is known to exist as a homodimer with a molecular mass of 47 kDa and 413 amino acids per subunit (1) (2) (3) . The NADP ϩ -IDH enzyme requires a divalent metal ion for enzyme activity, with the highest activity being obtained with bound Mn 2ϩ (4 -8) . Until now, no three-dimensional structure had been determined for a eukaryotic IDH. However, several structures of the NADP ϩ -dependent Escherichia coli enzyme have been solved for the free enzyme, complexed with various ligands, and for mutants (9 -14) . Additionally, the structure of NADP ϩ -IDH from Bacillus subtilis has recently been reported (15) . Phosphorylation of IDH in enteric bacteria, such as E. coli and B. subtilis, regulates substrate flux at a branch point in carbohydrate metabolism in response to changing nutritional conditions. The bacterial NADP ϩ -IDHs are inactivated upon phosphorylation of Ser 113 , which is close to the Mg 2ϩ -isocitrate site (16) . Based on previous sequence alignments that predict an Asn residue at the position equivalent to the serine, this control mechanism did not appear to exist in a mammalian enzyme, such as the porcine NADP ϩ -IDH. Consistent with this model, no phosphorylation of porcine heart NADP ϩ -IDH had been detected (17) . The alignment of the amino acid sequence of the porcine and E. coli NADP ϩ -IDHs indicated that they are only 16% identical. Likewise, only 17% sequence identity exists between the B. subtilis and porcine enzymes, indicating a low level of homology between the mammalian and bacterial NADP ϩ -IDHs. Several forms of IDH are present in mammals that serve varied functions. Compared with the mitochondrial form of IDH, the NADP ϩ -dependent cytoplasmic form of IDH is ϳ70% identical and is active as a homodimer. This cytoplasmic form has an anabolic function as part of the citric acid cycle's role to provide biosynthetic intermediates, such as citrate for the ultimate formation of fatty acids. Additionally, the cytoplasmic NADP ϩ -IDH-generated NADPH is required for the reductive biosynthesis of fatty acids. The mitochondrial NAD ϩ -dependent IDH serves a catabolic role central for energy production as part of the citric acid cycle. However, this enzyme differs considerably from the NADP ϩ -dependent forms. Its tertiary structure is composed of ␣, ␤, and ␥ subunits, and the enzyme is allosterically regulated by ADP (18, 19) . The role of the NADP ϩ -dependent mitochondrial IDH is less clear. Recently a link to reactive oxygen species has been suggested as the role for this mitochondrial NADP ϩ -dependent enzyme (20) . IDH could play a part in the control of oxidative damage in the mitochondria as a source of NADPH production.
The NADP ϩ -dependent mitochondrial IDH structure offers insights into the various functions of each of the mammalian IDHs. As the first mammalian IDH structure solved, the mitochondrial NADP ϩ -IDH can serve to build homology models of other mammalian IDHs, particularly the cytoplasmic NADP ϩ -IDH enzyme. The structure of an NADPϩ-dependent IDH will assist in addressing remaining questions about the unresolved functions of the cytoplasmic and mitochondrial forms of the enzyme. The present structure further adds to the proposed IDH mechanism from the presence of a well ordered substrate Mn 2ϩ -isocitrate complex and mechanistically important active site water molecules. Additionally, the structure reopens the question of whether mammalian IDH enzymes are covalently regulated by kinases and phosphatases as their bacterial counterparts.
EXPERIMENTAL PROCEDURES
Expression and Purification of Native IDH-The plasmid pMALcIDP1 containing the gene for the recombinant native porcine heart mitochondrial NADP ϩ -IDH fused with maltose binding protein was expressed in E. coli strain TB1, and purified to homogeneity as previously described (21) with some modifications. E. coli cells transformed with native pMALcIDP1 were grown overnight at 37°C in 100 ml of LB broth containing ampicillin (0.1 mg/ml). The overnight culture was used to inoculate 8 liters of LB broth, containing ampicillin (0.1 mg/ml), and grown to mid-log phase (A 600 nm ϭ 0.4 -0.6). Isopropyl-1-thio-␤-D-galactopyranoside (IPTG) was added to a concentration of 0.3 mM to induce expression and shaken for 24 h at 25°C. Cells were collected by centrifugation at 10,000 ϫ g for 25 min and suspended in 200 ml of cold Buffer A (0.02 M triethanolamine chloride buffer (pH 7.4) containing 10% glycerol, 0.2 M Na 2 SO 4 , and 2 mM MnSO 4 ). Cells were frozen at Ϫ80°C, thawed in cold water, and lysed by sonication, on ice, for 10 min with a large probe, at 20 kHz and 475 watts. The lysate was removed by centrifugation at 30,000 ϫ g for 20 min, and the clear supernatant was collected after removing the cell debris.
The fusion protein, containing porcine heart mitochondrial NADP ϩ -IDH, was separated from the crude extract, including the intrinsic E. coli enzyme by application to an affinity matrix, cross-linked amylose resin (22) . The column was washed with Buffer A until all of the endogenous E. coli NADP ϩ -IDH and other proteins had eluted, as detected by a sensitive IDH enzymatic activity assay (see below) as well as by protein determination (21) . The porcine NADP ϩ -IDH fusion protein was then eluted with Buffer A with the addition of 10 mM maltose. The fusion protein was then cleaved at a designed thrombin cleavage site by treatment with thrombin (40 units/mg of fusion protein) at 25°C for 48 h, in the presence of 4 mM isocitrate. The fusion protein digest was dialyzed overnight against Buffer B (0.02 M triethanolamine chloride (pH 7.8) containing 10% glycerol), and applied to a DE-52 anion exchange column. Porcine heart NADP ϩ -IDH was eluted with Buffer B, whereas thrombin, maltose binding protein, and uncleaved fusion protein were eluted with Buffer B containing 0.2 M Na 2 SO 4 . To ensure uncleaved fusion protein was removed from the enzyme, the porcine heart NADP ϩ -IDH fractions were dialyzed against Buffer A and reapplied to an amylose affinity column. The purity and N-terminal homogeneity of the protein were assessed by SDS-PAGE and N-terminal amino acid sequencing on an Applied Biosystems gas-phase sequencer (model 470A) equipped with an on-line phenylthiohydantoin analyzer (model 120) and a computer (model 900A). The enzyme was stored at Ϫ80°C in 0.1 M triethanolamine chloride (pH 7.7) containing 0.15 M Na 2 SO 4 . The final specific activity of the purified porcine IDH enzyme was 40 -45 units/mg.
Expression and Purification of Selenomethionine-IDH-The expression of selenomethionine-substituted porcine heart NADP ϩ -IDH was similar to that of the native enzyme with several modifications. To replace methionine with selenomethionine in expressed IDH, the method of Van Duyne et al. (23, 24) was used, in which aspartokinase and, hence, methionine biosynthesis is inhibited. Cells from the overnight culture were centrifuged 1300 ϫ g for 5 min and resuspended in an M9 minimal medium containing 0.4% (w/v) glucose, 0.1 mg/ml ampicillin, 40 g/ml proline, and 2.0 g/ml thiamine. Once the cells had reached mid-log phase, to each culture, lysine, phenylalanine, and threonine were added to a final concentration of 100 mg/liter; isoleucine, leucine, and valine were added to 50 mg/liter; and selenomethionine was added to 60 mg/liter. After an additional 15 min of shaking, IPTG was added and the cells were expressed for 48 h at 25°C. After the cells were harvested, they were suspended in Buffer A with the addition of 2 mM dithiothreitol (DTT) and 0.1 mM EDTA.
The purification of the selenomethionine-substituted porcine heart NADP ϩ -IDH was similar to that of the native enzyme with a few exceptions. To avoid oxidation of selenomethionine to its selenoxide equivalent, buffers were degassed, and 2 mM DTT and 0.1 mM EDTA were added at each step of the purification. ␤-Mercaptoethanol (2.5 mM) was used in the final crystallization buffer, because DTT was shown to inhibit protein crystallization. Additionally, because thrombin contains several disulfide bonds, DTT was removed from the fusion protein after the amylose column via dialysis using degassed buffers. The thrombin digestion was then carried out under anaerobic conditions by removing oxygen through exchange with nitrogen. Following the thrombin cleavage step, DTT was added to the cleavage mixture to stop the reaction. The final specific activity of the selenomethionine-substituted enzyme was similar to that of the native enzyme, but the yield of protein was 5-to 7-fold lower than that of native. To assess the incorporation of selenomethionine into the enzyme, MALDI-TOF mass spectroscopy was used. The result was an increase in mass of about 600 Da per subunit of IDH, indicating most of the nine possible selenomethionine sites had been incorporated with selenomethionine.
IDH Activity Assay-Isocitrate dehydrogenase activity was measured spectrophotometrically at 340 nm by measuring the reduction of NADP ϩ to NADPH. The reaction mixture contained 30 mM triethanolamine chloride (pH 7.4), 4 mM dl-isocitrate, 2 mM MnSO 4 , and 0.1 mM NADP ϩ . The extinction coefficient for NADPH is 6220 M Ϫ1 cm Ϫ1 at 340 nm. The concentration of purified IDH was determined from E 280 nm 1% ϭ 10.8 (25) . A subunit M r of 46,600 was used to calculate the concentration of enzyme subunits.
Crystallization of Native and Selenomethionine-IDH-Crystallization of native and selenomethionine-substituted enzyme complexed with Mn 2ϩ and isocitrate was conducted at 4°C using the hanging drop vapor diffusion method. For the native enzyme, the optimum crystals formed in a drop containing 2 l of protein (20 mg/ml) in 0.1 M triethanolamine chloride (pH 7. For the selenomethionine-substituted enzyme, the optimum crystals formed in a drop containing 2 l of protein (20 mg/ml) in 0.1 M triethanolamine chloride (pH 7.7), 0.15 M Na 2 SO 4 , 8 mM dl-isocitrate, and 4 mM MnSO 4 , and 2 l of 18% PEG-6000 and 3% glycerol hanging over a 750-l reservoir containing 0.1 M triethanolamine chloride (pH 7.7), 0.15 M Na 2 SO 4 , and 18% PEG-6000. The crystals (0.15 ϫ 0.15 ϫ 0.05 mm) grew within 7-10 days and diffracted to 2.7 Å. The crystals were flash-frozen following equilibration in a stabilization solution containing 24% PEG-6000, 0.1 M triethanolamine chloride (pH 7.7), 0.15 M Na 2 SO 4 , 8 mM dl-isocitrate, 4 mM MnSO 4 , and 40% xylitol (w/v). These crystals also belonged to the space group C2 and had the following unit cell dimensions: a ϭ 139.0 Å, b ϭ 114.4 Å, c ϭ 66.6 Å, ␣ ϭ ␥ ϭ 90.0°, ␤ ϭ 97.4°.
X-ray Diffraction Data Collection-Diffraction data for the native crystals were collected on a Rigaku R-Axis IV image plate detector using 0.3-mm collimated monochromatized CuK ␣ radiation from a Rigaku RU-H3R rotating anode x-ray generator operating at 50 kV and 100 mA. X-ray photographs of the frozen crystal were taken at 1°i ncrements (10 min each) for 180°total oscillation of the phi angle. Raw data were collected using the Rigaku software. The single crystal diffracted to 1.85 Å and was integrated with the program DENZO and scaled with the program SCALEPACK (26) .
Diffraction data for the selenomethionine-substituted crystals were initially screened, and raw data were processed as mentioned for the native crystals. The final structure determination for the selenomethionine-substituted crystals was collected on the x-ray beamline X12-C at the National Synchrotron Light Source (Brookhaven National Laboratory, Upton, NY), using a four-module charge-coupled device chip-based detector (Phillips group, Brandeis University). Data were collected at three wavelengths: 0.97914 Å (peak), 0.97870 Å (edge), and 0.95000 Å (remote). The STRATEGY program was used to collect an optimal sweep of data, including a 180°flipped sweep of Friedel pairs to obtain complete data sets with accurate anomalous data as well. Raw data images of 50 s were collected using MARMAD software at the National Synchrotron Light Source. The single crystal diffracted to 2.6 Å and was integrated with the program DENZO and scaled with SCALEPACK (26) .
X-ray Crystal Structure Solution-The structure of the selenomethionine-substituted crystal was solved by MAD phasing (27) . The pro-grams SOLVE (28) and RESOLVE (29, 30) were used to obtain initial phases and to apply solvent flattening and maximum likelihood density modification to improve the resulting electron density map. The program SOLVE successfully located sixteen of eighteen expected selenium sites in the dimeric enzyme. The program MAID (31) was used to automatically build a partial model of the dimeric enzyme based on the amino acid sequence and the MAD-phased electron density map to 3.1 Å. The majority of the protein backbone model was built using the program MAID (60%), although the protein chain from residues 327 to 375 on each monomer was manually built as polyalanine. Skeleton segments (32) were built into stretches of density where MAID failed to assemble any part of the structure. To apply non-crystallographic symmetry (NCS) averaging, an alignment was made of the C ␣ atoms for residues 99 -161 of chain A with the corresponding atoms of chain B. The resulting NCS operator was subsequently used for the averaging of the electron density map. Real-space electron density averaging was performed using the program RAVE (33, 34) . The averaging mask was a logical union of two masks, the first based on the 60% model built by the program MAID and the second based on the built skeleton segments. The unaveraged and averaged maps were examined with reference to the current molecule. The 2-fold-averaged map was especially helpful to identify missing regions. The N terminus of each chain, residues 1-19; the region connecting residues 80 and 93 on each chain; and residues 373-377 on each chain were observed in the averaged electron density maps. These missing residues were built as polyalanine segments using a combination of model-building tools in the program O (35) . The alignment of sequence to structure for residues 327-375 was determined by careful examination of side-chain density in the 2-fold-averaged map. Each residue for this sequence interval on both chains was mutated to the expected residue in that position, and the side chains were fitted into the side-chain density. The model to this point consisted of residues 1-313, 327-375, and 394 -406 on both chains, and for all but about 30 residues side-chain atoms were included. The model was next refined by simulated annealing in the program CNS (36) . Torsion-angle dynamics were employed, using a starting temperature of 5000°C and temperature reduction per step of 25°C. At this point of the refinement, the R working and R free were 29 and 34%, respectively, using the remote-wavelength synchrotron data to a high resolution limit of 2.6 Å. Unaveraged and averaged 2F o Ϫ F c phase-combined electron density maps were prepared and used in the next round of model building. The experimental MAD phases were combined with model phases generated from the current structural model. The resulting electron density difference maps were examined and were used to fill in the remaining sequence gaps in the structure: residues 314 -326, 377-394, and 407 to the C terminus, on both chains. These missing portions of the structure were built in a manner similar to that described above. Simulated annealing refinement of the model to this point yielded R working and R free values of 26 and 31%, respectively.
Non-crystallographic symmetry restraints were introduced and, from this point forward, were used in CNS refinement. Initially, only the C ␣ atoms for residues 5-413 were restrained, using a restraint weight of 300 kcal/Å 2 . After two or three refinement passes, the mainchain atoms for residues 5-413 were restrained, using the same restraint weight. After switching to the native data, it was observed that almost all side chains obeyed the NCS 2-fold operation as well. Restraints were then introduced for main-chain and side-chain atoms for residues 5-410, still using 300 kcal/Å 2 as the restraint weight. In the latter stages of refinement, test runs were made to determine an optimal restraint model. A series of simulated annealing refinements was run, for which the force constant was varied from 0 to 300 kcal/Å 2 in steps of 50 kcal/Å 2 , and the restraints were applied either to main-chain and side-chain atoms or to main-chain atoms only. The value of R free did not vary strongly as a function of the restraint model. The model, for which both main-chain and side-chain atoms were restrained with a weight of 50 kcal/Å 2 , gave a marginally better result than the other settings and was adopted. With each successive refinement pass, some atom pairs were excluded from restraints if unaveraged and averaged 2F o Ϫ F c maps suggested that the restraint model did not apply to them. For the most part these atoms belonged to residues that were involved in crystal packing contacts. Ultimately, all but the following atoms were restrained: residues 1-4 (N terminus) and 410 -413 (C terminus); residues 159 -167; residues 297-300; and some side chain atoms of residues Lys 28 The nearly complete model of the selenomethionine-substituted crystal was used as a starting model for the refinement of IDH using data to 1.85 Å from the native crystal. Based on identity of space group and near-equivalence of lattice parameters, it was not surprising that the structures were nearly isomorphous. Care was taken to flag the same R free reflections in the native data set as were flagged in the synchrotron data set. Additional R free reflections for interplanar spacings from 2.6 Å to the high resolution limit of 1.85 Å were selected at random and accounted for about 10% of the total number of reflections in this resolution range. For the initial refinement passes, data from the low resolution limit to 2.5 Å were used. Rigid-body refinement in CNS gave R working and R free values of 32 and 35%, respectively. This was followed by NCS-restrained, simulated annealing refinement, which gave R working and R free values of 26 and 30%, respectively. The refinement was next continued using all of the diffraction data to the high resolution limit of 1.85 Å. NCS-restrained, simulated annealing refinement was repeated using a start temperature of 7500°C. Following this, a round of individual B-factor refinement was performed. Isocitrate was built into 2F o Ϫ F c difference density in each active site. The model coordinates for isocitrate were taken from the Cambridge Structural data base (37), code KHICIT01 (38) . Fortuitously, the isocitrate counterion in this small molecule structure exhibited the same (1R,2S) stereochemistry as the substrate for the IDH reaction. CNS topology and parameter files and O data base files for isocitrate were generated using the program XPLO2D (39) . Ordered solvent molecules were built into difference density (coefficients F o Ϫ F c ) after successive refinement passes. These locations were examined in reference to the protein structural model and 2F o Ϫ F c difference maps. Peak locations not residing in significant 2F o Ϫ F c difference density were rejected, as were locations that were either too close to or too far away from protein atoms or other solvent atoms. Two sulfate ions were placed in difference density judged too large to be waters and with the appropriate tetrahedral geometry. After individual B-factor refinement, water oxygen atoms with temperature factors above 50 Å 2 were removed. The crys- tallographic refinement converged at R working and R free values of 18.2% and 21.0%, respectively.
RESULTS AND DISCUSSION
The final model of the porcine heart mitochondria NADP ϩ -IDH crystal structure includes the entire protein chain of each subunit of the homodimer, two Mn 2ϩ atoms, two isocitrate anions, two sulfate ions, and 715 water oxygen atoms. Fig. 1A displays the tertiary structure and fold of the porcine enzyme, which contains individual subunits of 413 amino acids, each of which has a molecular mass of 47 kDa. The overall fold is structurally homologous to the previously solved E. coli IDH and B. subtilis IDH enzyme, with most elements of secondary structure conserved. However, one region of significant departure between the structures is referred to as the clasp region of the inter-subunit interface (9) . When both subunits are combined, the porcine IDH amino acid sequence 142-187 makes up two stacked four-stranded anti-parallel ␤-sheets (Fig. 1B) . The bacterial enzymes have inter-subunit anti-parallel ␣-helices stacked on top of a single four-stranded anti-parallel ␤-sheet as shown in Fig. 1C for the E. coli enzyme.
The active site of the porcine IDH structure has a wellordered Mn 2ϩ -isocitrate complex as shown by the electron density map in Fig. 2A . From this ordered complex, a precise picture of critical side chain interactions of isocitrate binding is elucidated (Fig. 2B) . The x-ray data collection and refinement statistics of this structure likewise support its quality and are summarized in Tables I and II . The structure presented of the first mammalian IDH enzyme is compared and contrasted to the bacterial IDH enzymes, for which a considerable body of structural and functional information is available.
Comparison of the Mammalian and Bacterial IDH Structures-Despite the low sequence identity, the protein fold of the porcine IDH structure was found to be highly homologous to the bacterial enzymes. To search for other structural similarities, the porcine IDH structure was screened against a wide range of folds by comparison to the Families of Structurally Similar Proteins data base through the Dali server (40) . The only two significant hits were for 3-isopropyl malate dehydro- (top and left) . The metal-oxygen ligand bond lengths range from 2.1 to 2.4 Å. Nearby residues involved in close contacts with the metal ligands are, clockwise from bottom, R101, R133, R110, S278, D279, w6, K212, T78, S95, N97, and Y140. The electron density is from a composite annealed omit electron density map (coefficients 2F o Ϫ F c ) contoured at 1.5 . The electron density contours were produced using several programs from CNS (36), CCP4 (56) , and RAVE (33, 34) . B, the hydrogen-bond and metal-ligand contacts in the active site of porcine IDH. The dotted lines span pairs of heteroatoms closer than 3.3 Å apart. Residues K212 and D252 are from the A subunit; the remainder are from the B subunit. Substrate carbon atoms are in yellow, and the Mn 2ϩ atom is in orange. Contact distances for the Mn 2ϩ -ligand and Hbond distances are presented in Table  III . The figure was made using the programs MOLSCRIPT (55), POVSCRIPT (E. Peisach and D. Peisach), and POV-RAY (www.povray.org).
genase (IPMDH) and an E. coli IDH. These gave Z-scores of 34 and 32, respectively. A comparison of the two subunits within the porcine IDH resulted in a Z-score of 67. The third-best match was with the D-ribose binding protein, which gave a Z-score of 6.
To further explore the structural similarity of porcine IDH with related proteins, the porcine IDH was aligned structurally with the related bacterial IDHs and a representative IPMDH structure using the program STAMP (41) . The structures chosen for this alignment were taken from the protein data bank (PDB) (42) and were as follows: IPMDH from Thiobacillus ferrooxidans complexed with Mg 2ϩ and 3-isopropylmalate (PDB code 1a05); IDH from E. coli complexed with Mn 2ϩ -isocitrate (PDB code 1cw7); and IDH from B. subtilis complexed with citrate (PDB code 1hqs). The structurally corrected sequence alignment produced by the program STAMP was rendered using the program ALSCRIPT (43) and is shown as Fig.  3 . Pairwise overlays of porcine IDH with each comparison structure gave similar results. The root mean square deviation (r.m.s.d.) of corresponding C ␣ atoms for porcine IDH alignments with IPMDH, E. coli IDH, and B. subtilis IDH were 1.82, 1.93, and 1.93 Å, respectively, for 266, 293, and 293 pairs of C ␣ atoms fit, respectively. The sequence identity over fit regions was only in the range 22-25%, whereas the identity of amino acids of secondary structure over fit regions was in the range 80 -83%.
It is instructive to compare and contrast the sequence similarity in the vicinity of the active sites of IDH and IPMDH. An overlay of the aligned porcine and IPMDH structures is shown in Fig. 4 . The substrate molecules are the same except for the isocitrate carboxyl group at C 3 and the isopropyl malate C 3 isopropyl group. The corresponding protein residues with which the substrates interact are identical except where the substrates differ, at C 3 . For the isocitrate bound to IDH, the three nearby residues, Thr 78 , Ser 95 , and Asn 97 , are all capable of donating a hydrogen bond to the C 3 carboxyl. For IPMDH, the corresponding residues are Glu, Leu, and Leu, respectively. The carboxyl end of the glutamate side chain is pointed away from the substrate isopropyl group such that C ␤ is the atom closest to the substrate; hence, these three side chains form part of a hydrophobic cavity that can interact favorably with the substrate isopropyl group. A comparison of IPMDH to the E. coli IDH was made by Hurley et al. (10) and Doyle et al. (14) , and our results echo their findings. In contrast to the comparison to IPMDH, the comparison of active sites between the bacterial and the porcine IDH structures reveals that all the residues, which are displayed in Fig. 2B for the porcine IDH, are absolutely conserved.
Structural Predictions of Other Mammalian IDHs-To gain insights into the structures of other mammalian IDH enzymes, sequence alignments were performed between the porcine mitochondrial NADP ϩ -dependent IDH, the human mitochondrial NADP ϩ -dependent IDH, and the human cytoplasmic NADP ϩ -dependent IDH using the programs BLAST (44) and ClustalW (45) . The sequence similarity with human sequences is quite high. For the NADP ϩ -dependent mitochondrial form, a comparison of the porcine versus human sequence shows 96% identity. The comparison of the human mitochondrial versus cytoplasmic NADP ϩ -IDH form has 69% sequence identity. These values underscore the importance of the porcine structure reported here, because it can be expected that these levels of sequence identity will translate into high levels of structural similarity. Comparisons with the human NAD ϩ -specific forms of isocitrate dehydrogenase were also made using the programs BLAST and ClustalW. Unlike its NADP ϩ -specific analogs, the NAD ϩ -specific form is a heteromultimer and has, per tetramer, at least two catalytic sites and at least two sites for allosteric regulation (18, 46, 47) . The amino acid identity between these enzymes was either low (25%) compared with the ␣-subunit or not detectable compared with the ␤-or ␥-subunits. Therefore, nothing definitive can be inferred about the structure of the NAD ϩ -specific form given what appears to be a rather dissimilar porcine structure.
Putative Phosphorylation Site for the Mammalian IDHsThe present porcine IDH structure raises the question of whether the mammalian IDH enzymes are under the control of a phosphorylation regulatory mechanism, which has been implicated for the B. subtilis and E. coli IDH enzymes (48) . To control substrate access to IDH, the E. coli enzyme is reversibly phosphorylated by IDH-kinase/phosphatase. The phosphate group then blocks access to the active site both sterically and by electrostatic repulsion of the ␥-carboxyl group of isocitrate. The structural alignments displayed in Fig. 3 show that the Ser 113 of the E. coli IDH enzyme, which can be phosphorylated, is equivalent to Ser 95 in the porcine structure. Given the proximity of Ser 95 to the ␥-carboxyl of isocitrate, the same mechanism may function in the porcine enzyme, even though phosphorylation in vivo of the porcine enzyme has never been detected either by chemical analysis or by 31 P NMR (17) . The same arguments apply to the B. subtilis enzyme, where Ser 104 would be the corresponding phosphorylation site. Singh et al. (48) have shown that phosphorylation in vitro of the B. subtilis enzyme does occur at the expected serine and will inhibit IDH activity.
Initially, the interpretation of a phosphorylation site for the mammalian IDHs has differed from the bacterial enzymes due to an inability to detect a phosphorylated enzyme in vivo (17) . Additionally, sequence alignments of the mammalian to bacterial IDH enzymes predicted that the mammalian enzymes would have an Asn residue at the position equivalent to Ser 113 from the E. coli IDH enzyme (3). These previous sequence alignments relied on aligning mammalian IDH protein se- 
where F o is the observed amplitude and F c is the calculated amplitude. R free is the equivalent of R working , except that it is calculated for a randomly chosen set of reflections (10%) that were omitted from the refinement process (58).
quences to the bacterial IDHs without the benefit of a structural correction of the alignment as has been done here. The interpretation based on the porcine structure highlights the importance of obtaining structures of proteins that are related by a low level of homology. Furthermore, the possibility of a putative phosphorylation site can be extended to the cytoplasmic NADP ϩ -dependent IDH. Both the human cytoplasmic and mitochondrial NADP ϩ -dependent IDH have a serine at the position equivalent to Ser 95 in the porcine structure. Accessibility of the target serine to IDH kinase/phosphatase The residue numbering is based on the porcine IDH sequence. The program STAMP was used to align the structures. The structural alignment was performed using C ␣ atom coordinates. Homologous residues are displayed within the boxed regions of the alignment. Conserved residues within the boxed regions are shown in green. The secondary structural assignments were made using the program DSSP (57) and are shown below the sequence alignments. The figure was prepared using the program ALSCRIPT (43) . has been discussed by several authors (15, 48, 49) . This discussion can now be augmented to include the porcine structure. The putative phosphorylation site in porcine IDH is Ser 95 . This site is at the C-terminal end of the so-called "phosphorylation loop." Compared with the bacterial IDHs, the loop in the porcine structure is nine residues longer; eight of these additional residues form a short helix. As shown in Fig. 5 , the whole loop is bent away from a stretch of nine residues (Thr 211 to Tyr 219 ) from the other subunit folding in a coil conformation. Together with the phosphorylation loop, this stretch of residues limits access to the active site and to the phosphorylation site.
STAMP alignments demonstrate that the putative phosphorylation loop of the porcine IDH structure is closer to that of the tetragonal form of E. coli IDH with a closed phosphorylation loop than to that of the open, orthorhombic form (PDB code 1sjs (49)). The r.m.s.d. for the pairwise fit of the A-subunit of porcine IDH to 1sjs is 2.36 Å for the fit of 252 C ␣ atoms. This compares unfavorably with pairwise fits of either the A-or B-subunit of porcine IDH with BsIDH or any tetragonal E. coli IDH, where the r.m.s.d. is ϳ1.9 Å for the fit of about 290 C ␣ atoms. The shortest distance across the opening to the active site is 6 -7 Å, more than for BsIDH, about the same as for the closed form of E. coli IDH, and significantly less than for the open form of E. coli IDH. In addition, BsIDH has an insert region missing from either porcine IDH or E. coli IDH, which further restricts access to the phosphorylation site. On balance, these observations suggest that access to the phosphorylation site in porcine IDH is better than for BsIDH, worse than for the open form of E. coli IDH, and about the same as for the closed form of E. coli IDH. However, as discussed previously (15, 48, 49) , access to the serine by the kinase/phosphatase is most likely mediated through additional conformational adjustments of the phosphorylation loop, possibly involving larger scale changes of the IDH structure.
The phosphorylation loop has greater mobility than most other parts of the protein chain. The average temperature factor for the thirty-two residues comprising the phosphorylation loops of both subunits is 33.8 Å 2 , compared with an average excluding these residues of 25.7 Å 2 . Other IDH structures have likewise shown increased mobility of the phosphorylation loop (9, 15) . This increased mobility may be a requirement to (Table III) . Just as in the E. coli IDH structure (9), the metal binding site is hexacoordinate, with interactions to Asp 252 , Asp 275 , the equatorial water w2, the axial water w4, and two oxygens from the substrate isocitrate. The metal binding environment is consistent with the previous conclusion of 6 oxygen ligands to the metal for the porcine NADP ϩ -enzyme based on 113 Cd NMR studies of the Cd-isocitrate-IDH complex (50) . Fig. 2B (52) have been demonstrated by mutagenesis experiments. The porcine IDH structure in turn can be compared with and contrasted with the E. coli IDH structures and to proposals by Colman (4) and Hurley et al. (10) to make predictions about the mechanism of IDH. The interpretations are likely general and, therefore, would be relevant for all the IDH mechanisms. The reaction is initiated by abstraction of the proton of the C 2 hydroxyl of isocitrate. Hurley et al. have suggested that the most likely base involved in proton abstraction is Asp 283 in the E. coli enzyme. The corresponding residue in the porcine enzyme is Asp 252 . It is true that the nearest side-chain oxygen of this residue is only about 3 Å away from the C 2 hydroxyl oxygen. However, this oxygen also is in the metal coordination sphere and would not be a very good base; its electron pair has already been donated to the metal. It is more likely that the nearby active site water molecule accepts this proton as part of a proton relay to solvent. The active site water w6 (Table III and Fig. 6 ) is within a van der Waals distance of the C 2 hydroxyl and oriented approximately along the external bisector of the C 2 -O 7 -Mn 2ϩ angle. This is a direction along which the hydroxyl proton might be expected to lie. Water w6 is H-bonded to a second active site water w8 (Fig. 6) . Water w8 is solvent-accessible and H-bonded to Asp 253 . The interaction of the water w8 to Asp 253 is predicted to be of minor importance, because the alignment to the E. coli IDH (Fig. 3) shows an alanine at the equivalent position.
To identify conserved active-site waters, overlays of porcine IDH with IPMDH (PDB code 1a05) and E. coli IDH (PDB codes 1cw1, 1cw7, and 5icd) were prepared and examined. Structures 1a05 and 1cw7 were described above. Structure 1cw1 is a 2.1-Å E. coli IDH complex with Mn 2ϩ and isocitrate where the activesite lysine has been replaced with methionine. Structure 5icd is the same as 1cw7, but data were collected at room temperature. Waters corresponding to both w6 and w8 were observed in the structures of 1a05 and 1cw1. In their report on the 1cw1 structure, Cherbavaz et al. (13) take note of the more remote of these waters and speculate that it may mediate transfer of the hydroxyl proton. In addition, for both structures there is a third water that extends the hydrogen-bonded chain away from the protein and toward the solvent. The corresponding position of this third water in porcine IDH is the O␦2 of Asp 253 . The water corresponding to w6 was observed in 5icd, but that corresponding to w8 was not seen. Neither water was observed in the 1cw7 structure. Fig. 7 illustrates the positioning of two active site waters and a potential mechanism for the initial NADP ϩ -dependent oxidation by IDH. In this mechanism, the bound water molecule is shown as the proton acceptor from the Mn 2ϩ -bound hydroxyl. The simplest model that explains the measured pH effects on kinetics (53) and the present structure is that the pK a of the Mn 2ϩ -coordinated hydroxyl proton is 5.6, considerably lower than for free isocitrate. This is a result of the hydroxyl oxygen being part of the metal coordination sphere. NADP ϩ Binding to Porcine IDH-To predict how the NADP ϩ cofactor binds to the cofactor binding site of the porcine IDH active site, a structural alignment was made of the porcine IDH Mn 2ϩ -isocitrate complex to seven NADP ϩ -bound E. coli IDH structures (PDB codes: 1ai2, 1ai3, 1bl5, 1hj6, 1ide, 1iso, and 9icd). The alignment suggests that NADP ϩ would be bound in a similar manner in the porcine IDH enzyme. However, certain important amino acid positions, although aligned struc- 
FIG. 7. Mechanism of the NADP
؉ -dependent oxidation of IDH. The first step illustrates how an ordered active site water (w6) from the porcine IDH structure accepts the proton from the Mn 2ϩ -bound isocitrate hydroxyl. This bound water is within hydrogen bonding distance of a second bound water (w8). The remote bound water w8 is solvent accessible on the surface of IDH. The measured pK a of 5.6 from pH versus V max rate profiles is likely to directly indicate the pK a for the Mn 2ϩ -coordinated hydroxyl proton.
turally between the porcine and E. coli IDH structures, are of different residue types. In each case, the porcine side chains possess requisite functionality to replace the E. coli residues. From this alignment it is noteworthy that the 2Ј-hydroxylbound phosphate likely interacts with the porcine IDH side chains of His 315 and Lys 374 . In the E. coli IDH NADP ϩ -complex structures, the residues Tyr 345 and Tyr 391 , respectively, make these contacts. All four of these residues are capable of donating hydrogen bonds to the oxygen atoms of the phosphate group. The structure reported here of the porcine IDH is merely predictive of the residues likely to be involved in determining NADP ϩ specificity. However, the present structure has an ordered sulfate molecule in the B subunit bound in what is likely the 2Ј-hydroxyl phosphate position. The N ⑀2 of His 315 and N Z of Lys 374 of the B subunit are within hydrogen-bonding distance of two oxygen atoms of the bound sulfate. It is noteworthy that recent replacement of His 315 by Gln produced an enzyme that exhibited a 40-fold increase in the K m for NADP ϩ , consistent with a model that His 315 normally interacts with the 2Ј-phosphate (54) .
